A specific quantitative real-time PCR (qPCR) method was developed for the quantification of hepatotoxin nodularin-producing Nodularia, one of the main bloom-forming cyanobacteria in the Baltic Sea. Specific PCR primers were designed for subunit F of the nodularin synthetase gene (ndaF), which encodes the NdaF subunit of the nodularin synthetase gene complex needed for nodularin production. The qPCR method was applied to water samples (a total of 120 samples) collected from the Baltic Sea in July 2004. As few as 30 ndaF gene copies ml ؊1 of seawater could be detected, and thus, the method was very sensitive. The ndaF gene copy numbers and nodularin concentrations were shown to correlate in the Baltic seawater, indicating the constant production of nodularin by Nodularia. This qPCR method for the ndaF gene can be used for detailed studies of Nodularia blooms and their formation. ndaF gene copies and nodularin were detected mostly in the surface water but also in deeper water layers (down to 30 m). Toxic Nodularia blooms are not only horizontally but also vertically widely distributed, and thus, the Baltic fauna is extensively exposed to nodularin.
Nodularia spumigena is a hepatotoxic cyanobacterium that occurs in brackish waters all around the world (e.g., Central Asia [5] , North America [6] , Australia [10] , Southern Africa [34] , and Europe [39] ). Especially in the Baltic Sea (39) , as well as in some Australian lakes (10) and estuaries, it forms toxic mass occurrences, posing health risks to humans (17) , causing animal poisonings (see, e.g., references 4, 8, 26 , and 43), harming fisheries (14) , and interfering with recreational use of waters (1) .
The cyanobacterial blooms in the Baltic Sea consist mainly of three nitrogen-fixing filamentous cyanobacterial species: N. spumigena, Aphanizomenon flos-aquae, and, in lesser amounts, Anabaena species (16, 41) . N. spumigena is the only known toxin-producing, bloom-forming cyanobacterial species in the Baltic Sea (16, 39, 41) . Nontoxic Nodularia species have also been found, but they occur mainly in coastal areas in benthic habitats (24) .
The toxin produced by N. spumigena is a pentapeptide nodularin, cyclo-(D-MeAsp-L-arginine-Adda-D-glutamateMdhb) (33, 39) . D-MeAsp is D-erythro-␤-methylaspartic acid, Mdhb is 2-(methylamino)-2-dehydrobutyric acid, and Adda is (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, an amino acid found only in cyanobacterial toxins (33, 39) . Nodularin is unique to Nodularia: it has not been found in any other cyanobacterial genera (38) . Nodularin is produced nonribosomally by the nodularin synthetase enzyme complex, which is encoded by the 48-kb nodularin synthetase genes ndaA to ndaI (27) . The structure of nodularin is similar to that of the cyanobacterial hepatotoxin microcystin (31) . Consequently, it has been suggested that nda genes have evolved from the microcystin synthetase (mcy) genes through the deletion of two nonribosomal peptide synthetase modules and a change in substrate specificity of one nonribosomal peptide synthetase module (27, 31) .
To widen our knowledge of toxic Nodularia blooms and their initiation, sensitive methods are needed for the quantification of nodularin-producing Nodularia. There are no studies of the early stages of Nodularia blooms in the Baltic Sea, since there have been no methods that are sensitive or specific enough to quantify nodularin-producing Nodularia from environmental samples. Microscopy, for example, does not clearly separate nodularin-producing Nodularia isolates from non-nodularinproducing Nodularia isolates (24) . Microscopy methods are also laborious and time-consuming. While it is possible to estimate the number of toxic Nodularia cells based on nodularin concentrations in the samples, nodularin concentrations in a Nodularia cell may vary, depending on environmental conditions and the growth phase of the cell (see, e.g., references 21, 22, and 32). Thus, nodularin concentrations may not accurately predict the number of nodularin-producing Nodularia cells. A sensitive, specific, and rapid method to detect and quantify the toxin producer N. spumigena itself is needed to enable accurate studies of N. spumigena blooms, e.g., bloom formation.
We developed a specific, rapid, and sensitive quantitative real-time PCR (qPCR) method targeting nodularin synthetase gene subunit F (ndaF). With this method, as few as 30 copies of ndaF containing genomes of potentially nodularin-producing Nodularia cells ml Ϫ1 of Baltic seawater were detected, which enables studies on the early stages of Nodularia blooms.
nitrogen. The strains were uniclonal or axenic (Table 1) . They were grown in a 40-ml volume under conditions of continuous light (4 to 7 E m Ϫ2 s Ϫ1 ) at room temperature (24 to 25°C).
Baltic seawater samples. Water samples were collected from the Baltic Sea Proper and the Gulf of Finland in July 2004 on the ship R/V Aranda of the Finnish Institute of Marine Research (Fig. 1) . The water was taken from depths of 0, 3, 7, 18, and 30 m with a Rosette sampler (General Oceanics). Five hundred to 2,000 ml of water was filtered using three replicate 1-m-pore-size polycarbonate filters (GE Osmonics Labstore). The filters were frozen in liquid nitrogen and stored at Ϫ70°C. The samples were used for DNA and nodularin extractions. Some of the samples used for nodularin extraction were stored at Ϫ20°C. DNA extraction. DNA was extracted from the cyanobacterial strains as follows. Cells were harvested for DNA extraction by filtering the cultures with 1-or 5-m-pore-size polycarbonate filters (GE Osmonics Labstore). The cells were broken mechanically by bead beating with glass beads (425 to 600 and 710 to 1,180 m; Sigma-Aldrich) with a FastPrep instrument (Savant Instruments) at a speed of 4.0 twice for 20 s. DNA was subsequently extracted using a DNeasy Plant Mini kit (QIAGEN). Concentrations of the DNA samples were determined spectrophotometrically at 260 nm with a BioPhotometer instrument (Eppendorf).
DNA was extracted from the Baltic seawater samples using the bead-beating and CTAB (N-cetyl-N,N,N-trimethyl-ammoniumbromide) method (15) , with some modifications. The frozen sample filters were inserted into a tube containing glass beads (425 to 600 and 710 to 1,180 m [1:1]; Sigma-Aldrich) and 0.8 ml cold lysis buffer (100 mM Tris-HCl [pH 8], 1.5% sodium dodecyl sulfate, 10 mM EDTA, 1% deoxycholate, 1% Igepal-CA630, 5 mM thiourea, 10 mM dithiothreitol). The cells were broken using a FastPrep instrument (Savant Instruments) for 30 s at a speed of 5.0, and the samples were placed on ice. The samples were centrifuged at 15,000 ϫ g for 1 min, and the supernatant was carefully transferred into a new tube. Lysis buffer (0.5 ml) was added into the original tube containing the sample filter and the glass beads, and the FastPrep as well as the centrifuging steps were repeated. The supernatant was collected, combined with the supernatant collected earlier, and divided among three 2-ml tubes. Two hundred twenty-five microliters of 5 M NaCl and 170 l of 10% CTAB (Merck KGaA) (in 0.7 M NaCl, warmed to ϩ65°C) were added to each tube, and the samples were mixed and then incubated at ϩ65°C for 20 min. An equal volume of chloroform was added, and the tubes were mixed and centrifuged at 10,000 ϫ g for 10 min at ϩ4°C. The upper phase was collected, and a 1/10 volume of 3 M Na acetate and a double volume of ice-cold 96% ethanol were added. The samples were then precipitated at Ϫ20°C and centrifuged at 15,000 ϫ g for 15 min at ϩ4°C, and the ethanol was discarded. The samples were subsequently washed with 70% ethanol, and the pellets were dried at ϩ37°C and resuspended in 80 l water per sample. To improve the quality and reduce the amount of PCR inhibitors, the extracted DNA samples were purified using a Geneclean Turbo kit (Q-Biogene) with two elution steps containing 30 l of Tris-EDTA buffer (10 mM Tris [pH 8]-1 mM EDTA).
PCR. PCR primers were designed to amplify the nodularin synthetase gene subunit F (ndaF) of Nodularia. The sequence of the forward primer ndaF8452 was 5Ј-GTG ATT GAA TTT CTT GGT CG-3Ј, and the sequence of the reverse primer ndaF8640 was 5Ј-GGA AAT TTC TAT GTC TGA CTC AG-3Ј. PCR was performed in 1ϫ DyNAzyme II enzyme buffer (Finnzymes) with 0.35 M of both primers, 65 M of all four nucleotides (Finnzymes), 1 unit of DNA polymerase DyNAzyme II (Finnzymes), and 17.5 ng of template DNA in a reaction mixture volume of 20 l. The following temperature protocol was used: 95°C for 3 min; 35 cycles of 94°C for 30 s, 61°C for 30 s, and 72°C for 20 s; and 72°C for 7 min. The PCR amplification was performed using a PTC-200 PCR instrument (MJ Research). The presence or absence of the ndaF amplification product was determined by 1.5% agarose gel electrophoresis.
To check the quality of the DNA samples, for example, for the presence of PCR inhibitors, the DNA was amplified in PCR with cyanobacterium-specific 16S rRNA gene primers CYA359F (29) b ndaF PCR or qPCR, PCR product with primers ndaF8452 and ndaF8640; ϩ, PCR product in conventional PCR; Ϫ, no PCR product in conventional PCR; D, C T value over detection limit in qPCR; UD, C T value under detection limit in qPCR; ND, no data.
c 16S rRNA, PCR product with primers targeting to the 16S rRNA gene (to ensure the quality of the strain DNA samples).
d Nodularin or microcystin production based on the literature. M, microcystin; Nod, nodularin; NP, non-nodularin-or non-microcystin-producing isolates.
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performed using a PTC-200 PCR instrument (MJ Research). The presence or absence of the 16 S rRNA gene amplification product was determined by 1.5% agarose gel electrophoresis. qPCR. ndaF genes were quantified by qPCR using primers ndaF8452 and ndaF8640 and a LightCycler instrument with LightCycler software version 3.5 (Roche). qPCR was performed in a 10-l volume with 3.5 mM MgCl 2 , 0.35 M both primers, 1 l enzyme-nucleotide-dye mix (LightCycler FastStart DNA Master SYBR green I; Roche), and 2 l template DNA. The amplification program consisted of the following steps: (i) preheating at 95°C for 10 min, with a heating rate of 20°C s Ϫ1 ; (ii) quantification, including 45 cycles (95°C for 0 s, 63°C for 5 s, and 72°C for 8 s), fluorescence measurement at the end of each cycle at 72°C through channel F1 (530 nm), and a heating rate of 20°C s Ϫ1 ; and (iii) melting curve analysis, which included heating from 58°C to 95°C at rate of 0.1°C s Ϫ1 and fluorescence measurement continuously through channel F1 (530 nm).
A standard curve for qPCR was determined as a correlation between the ndaF gene copy numbers and the cycle threshold (C T ). The DNAs of Nodularia spumigena strains AV1, NSOR-12, and PCC 9350 were chosen as standard samples, and 10-fold serial dilutions of these samples were analyzed by qPCR. The ndaF gene copy numbers of the standard samples were determined using the following formula: [DNA concentration (g l Ϫ1 ) ϫ Avogadro constant (6.022 ϫ 10 23 copies mol
] Ϫ1 ϭ number of ndaF gene copies in a sample. The genome size of (3.34 Ϯ 0.17) ϫ 10 9 Da (or g mol Ϫ1 ) of non-nodularin-producing Nodularia sp. strain PCC 73104 analyzed previously by Herdman et al. (9) was used as a reference value for the Nodularia genome size. Based on the unfinished N. spumigena genome sequence (GenBank accession number AAVW00000000), there seems to be only one copy of the ndaF gene in the Nodularia genome.
The ndaF gene copy numbers of the Baltic seawater samples were determined by qPCR immediately after DNA extraction and purification. The DNA samples were analyzed, each in three replicates as 100-fold dilutions. Two microliters of diluted DNA was added to a 10-l qPCR reaction mixture, and the qPCR was performed as described above. In each run, a standard curve was determined by analyzing a dilution series (10 1 to 10 6 ndaF gene copies per 10 l of reaction mixture) of Nodularia spumigena AV1 standard DNA. For each measurement, a standard deviation of three replicates was determined.
Background DNA in qPCR. In order to test if background DNA (DNA containing no ndaF gene sequences) has any effect on the reliability of the qPCR quantification, different DNA mixes were analyzed by qPCR. The mixes contained the DNA of one nodularin-producing (and ndaF gene-containing) strain, N. spumigena AV1, and one non-nodularin-producing (not containing the ndaF Da, and the Anabaena sp. strain PCC 6309 genome size, (3.56 Ϯ 0.22) ϫ 10 9 Da, for A. flos-aquae NIES 81 (9) . No Aphanizomenon genome sizes are available, so the genome size of its nearest relative, Anabaena (30), was used.
Sequencing. To verify that only the ndaF gene was amplified, qPCR products of standards and several environmental samples were sequenced. qPCR products were purified using a Montage PCR kit (Millipore). Cycle sequencing was performed in 1ϫ sequencing buffer (Big Dye Terminator v3.1 cycle sequencing kit; Applied Biosystems) containing 10 pmol of primer ndaF8452, 1 l Big Dye Ready Reaction mix (Big Dye Terminator v3.1 cycle sequencing kit; Applied Biosystems), and 20 ng of template DNA (qPCR product) in a total volume of 10 l. The amplification was performed using a PTC-200 PCR instrument (MJ Research) with the following program: 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. The amplification product was precipitated using 96% ethanol with 0.1 M sodium acetate, washed with 70% ethanol, resuspended in 12 l of Template Suppression reagent (Applied Biosystems), and denatured for 3 min at 94°C. Sequencing was performed with an ABI PRISM 310 genetic analyzer (Applied Biosystems).
Nodularin analysis of Baltic seawater samples. Nodularin concentrations in the Baltic seawater samples were determined by using a liquid chromatograph (LC)/mass spectrometer (MS). Nodularin was extracted from the polycarbonate filters by a methanol bath sonication method described previously by Spoof et al. (40) , with certain modifications. The filters were first dried in a vacuum evaporator (the Heto vacuum centrifuge Maxi-dry plus; Jouan Nordic). Twelve hundred microliters of 75% methanol was added, and the samples were shaken with a FastPrep instrument (Savant Instruments) three times at a speed of 5.0 for 20 s and sonicated in a bath sonicator at efficacy 10 (Sonorex Super 10 P digital; Bandelin) for 30 min. The FastPrep and sonication treatments were repeated. The FastPrep treatment was repeated once more, and the sample tubes were centrifuged at 20,000 ϫ g for 5 min. Six hundred microliters of the supernatant was transferred into a glass vial containing about 100 l 0.5-mm glass beads (Scientific Industries). The samples were dried in a vacuum evaporator (the Heto vacuum centrifuge Maxi-dry plus; Jouan Nordic), dissolved in 100 l 10% acetonitrile, shaken in a FastPrep instrument (Savant Instruments) at a speed of 5.0 for 10 s, and centrifuged at 10,000 ϫ g for 3 min. The samples were transferred into high-performance liquid chromatography (HPLC) sample vials and analyzed by LC/MS. Nodularin concentrations were analyzed by LC/MS using a method described previously by Spoof et al. (40) , with slight modifications. LC/MS equipment from Agilent (1100 Series LC/MSD with Ion Trap XCT Plus and Electrospray Ionizator) was used. In a liquid chromatograph, a Zorbax SB-C 18 column (75 mm by 2.1 mm; particle size, 3.5 m) (Agilent) and a Phenomenex C 18 precolumn (4.0 mm by 2.0 mm) were used. The columns were warmed to ϩ40°C during the run. Water (purified with Milli-Q plus; Millipore) and acetonitrile (HPLC quality; Merck KGaA), both containing 0.10% formic acid (HPLC quality; Fluka Chemie GmbH), were used as eluents. During the first 7 min, the concentration of the acetonitrile was increased from 27% to 35.8%. From the 7th to the 11th minute, the column was washed with 85% acetonitrile, and from the 11th to the 15th minute, the column was washed with 100% acetonitrile. From the 15th to the 30th minute, the column was balanced with 27% acetonitrile. Between the sample injections, the injector needle was washed with 50% methanol (outside) and acetonitrile of various concentrations (inside and out). Positively charged ions with mass/charge ratios of 810 to 835 m/z were analyzed by MS. Ions with a mass/charge ratio of 826 Ϯ 0.5 m/z and a retention time of about 4.9 min were defined as being nodularin. Nodularin was quantified using purified nodularin as a standard.
Statistical analyses. Pearson correlation coefficients between the ndaF gene copy number and the nodularin concentration were calculated with SPSS 12.0.1 statistical software for Windows (Chicago, IL).
Nucleotide sequence accession numbers. All sequences produced in this study have been deposited in GenBank under accession numbers EF215830 to EF215837.
RESULTS AND DISCUSSION
Specificities of primers ndaF8452 and ndaF8640. To test the specificities of the targeting of primers ndaF8452 and ndaF8640 to the nodularin synthetase gene ndaF, DNA from 63 nodularinor microcystin-producing or nonproducing cyanobacterial strains were amplified in conventional PCR. A PCR product was amplified only from the nodularin-producing Nodularia strains (Table  1) , and therefore, the primers were specific for the ndaF gene and nodularin-producing Nodularia. It is possible that the nda gene cluster involving non-nodularin-producing Nodularia strains exists in the environment, since inactive mcy gene clusters (closely related to the nda gene cluster) of Planktothrix have previously been detected in alpine lakes (3, 18) . However, among Nodularia strains, such inactive nda genotypes have thus far not been observed, and thus, determining ndaF gene copy numbers can be considered to be a reliable way to quantify toxic Nodularia genotypes.
Based on amplification in conventional PCR, 20 strains were further selected to be tested by qPCR. In qPCR, only the nodularin-producing Nodularia strains gave C T values over the detection limit (Table 1) , and therefore, the qPCR was also specific for nodularin-producing Nodularia strains. All the cyanobacterial DNA samples tested gave an amplification product in conventional PCR with cyanobacterium-specific 16S rRNA gene primers, indicating that there were no PCR inhibitors present in the DNA samples. A gene bank was explored to find out whether the primer sequences also pair with sequences VOL. 73, 2007 qPCR DETECTION OF NODULARIA CYANOBACTERIA 2175
other than ndaF, but in a BLAST search, no close hits from genes other than ndaF were found. Thus, primers ndaF8452 and ndaF8640 were specific to the ndaF gene and the nodularin-producing Nodularia strains based on both conventional PCR and qPCR and BLAST searches. Standard curve. A standard curve was determined for primers ndaF8452 and ndaF8640 in qPCR. To estimate the variation between the qPCR amplification efficiencies of different Nodularia strains, a dilution series of DNA from three separate nodularin-producing Nodularia strains, N. spumigena AV1 (isolated from the Baltic Sea), NSOR-12 (Australia), and PCC 9350 (Baltic Sea), was analyzed by qPCR, each in triplicate. Since the ndaF gene copy numbers were similar among these three strains, it was possible to define a common average standard curve for the three N. spumigena strains (Fig. 2) . It was also deduced that separate N. spumigena strains probably do not differ from each other substantially in their genome sizes or in qPCR amplification efficiencies. Therefore, the qPCR method developed in this study could be applicable to all N. spumigena strains and to nodularin-producing Nodulariacontaining environmental samples worldwide. The detection range of the qPCR method was at least 10 1 to 10 6 ndaF copies per 10-l reaction mixture. When unknown samples were analyzed by qPCR, a standard curve was determined separately for each run to avoid the effect of the variability of the amplification between separate qPCR runs.
By analyzing the ndaF gene copy numbers, the number of Nodularia genomes could be determined, since there is only one copy of the nda gene cluster per one Nodularia genome (the data are based on an unpublished N. spumigena genome sequence). By contrast, the number of Nodularia cells cannot be deduced from the number of ndaF genes or Nodularia genomes with complete accuracy, since the number of genomes per cell varies, depending on the growth phase (45) and possibly the differentiation (42) of the cell.
A melting curve analysis was made for the qPCR products of different concentrations of N. spumigena AV1, NSOR-12, and PCC 9350 DNA to ensure that the products were specific and no primer dimers were formed in the qPCR. All the qPCR products had similar melting curves with only one specific peak at 80.9 Ϯ 0.4°C. No primer dimer peaks (at about 76°C) were observed. The melting curve analysis and sequencing showed that primers ndaF8452 and ndaF8640 amplified only the ndaF gene.
Effect of background DNA. The effect of background DNA (DNA containing no ndaF gene sequences) on the reliability of the qPCR quantification was studied to determine whether the qPCR method is also applicable to samples containing DNA from strains other than nodularin-producing Nodularia strains. Approximately 10 2 or 10 4 copies of nodularin-producing N. spumigena AV1 DNA were analyzed and mixed with different concentrations of background DNA of non-nodularin-producing N. harveyana Hübel 1983/300 or A. flos-aquae NIES 81. N. harveyana and A. flos-aquae strains were used as background DNA, since they are closely related to N. spumigena (7, 11, 24, 25) , and they are found in the Baltic Sea (16, 20, 41) . The addition of background DNA changed the mean C T values by Ϫ0.24 to 0.4 and slightly increased the standard deviations of the C T values (Fig. 3) . Thus, the background DNA had little effect on the C T values, even though the amount of target DNA, or the ndaF-containing genomes, was only 1/10,000 of the amount of total DNA in the sample.
In previous studies, even lesser amounts of background DNA have disturbed qPCR quantification. Wawrik et al. (44) developed a qPCR method for the rbcL gene of eukaryotic algae, in which a 1,000-fold surplus of background DNA hindered the quantification of the target DNA. In a study of Microcystis cyanobacteria with the mcyB and phycocyanin gene qPCR reported previously by Kurmayer and Kutzenberger (19) , environmental background DNA caused at most a 100% overestimation or a 68% underestimation of the copy numbers compared to the respective values of 13% and 18% in this study. The qPCR method developed here was demonstrably less sensitive to the effect of background DNA than the methods described previously by Wawrik et al. (44) and Kurmayer and Kutzenberger (19) . The results of this study were similar to the results described previously by Becker et al. (2) , although those authors used a TaqMan method. A 10 4 -fold surplus of background DNA (phylogenetically closely related to the target DNA) did not disturb the qPCR analysis of the 16S rRNA gene of Synechococcus sp. strain BO 8807 (2) . Based on this study and previous studies (2, 19, 44) , it seems obvious that it is important to study the effect of background DNA on the efficiency of qPCR in order to determine the reliable detection range of the qPCR method. Since the qPCR method for the ndaF gene was insensitive to background DNA, a study of the early stages of blooms, where only a small proportion of the plankton is formed by Nodularia and the proportion of background DNA may be high, is possible.
Baltic Sea samples. The qPCR method developed in this study was tested for its applicability to environmental water samples. We monitored the development of Nodularia blooms in the Baltic Proper and in the Gulf of Finland in July 2004 through ndaF gene copy numbers and nodularin concentrations. In all but six of the samples, the ndaF gene copy numbers exceeded the detection limit, 15 to 75 copies ml Ϫ1 seawater (the variation in detection limits was caused by the differences in parallel qPCR runs and the original sample volumes). The copy numbers varied 1,500-fold, between 30 and 45,000 ndaF gene copies ml Ϫ1 water (Fig. 4) . Melting curve analysis (for all the samples) and sequencing (for five representative samples) showed that only the ndaF gene was amplified. The qPCR method for primers ndaF8452 and ndaF8640 was fully applicable to the environmental samples, since the ndaF gene copy numbers could be identified from the water samples.
In the nodularin analysis, the detection limit was 0.1 to 0.4 pg nodularin ml Ϫ1 water (depending on the volume of the filtered water sample), and in all the samples, nodularin concentrations exceeded the detection limit. Nodularin concentrations in the samples varied between 0.6 and 420 pg nodularin ml Ϫ1 seawater (Fig. 4) . Both the ndaF gene copy numbers and the nodularin concentrations were highest in the upper water layers (at 0-, 3-, and 7-m depths). However, toxic Nodularia and nodularin were also detected in the deeper water layers (18 and 30 m). Satellite images reported in previous studies (12) have shown the massive horizontal distribution of cyanobacterial blooms in the Baltic Sea. The present study shows that toxic Nodularia blooms are also vertically widely distributed. This may imply that during the blooms, water fauna in the Baltic Sea can hardly escape exposure to hepatotoxin nodularin. This is in agreement with the previous studies, which have shown that nodularin is frequently found in the Baltic fauna (e.g., zooplankton [13] , mussels [35] , fish [35, 37] , and waterfowl [36] ).
The ndaF copy numbers were found to correlate with the nodularin concentrations (correlation coefficient, 0.89; P Ͻ 0.01) (Fig. 5) , which refer to a relatively constant production of nodularin by Nodularia in the Baltic Sea plankton during the period studied. The amount of nodularin per one ndaF gene copy was on average 28 fg (the standard deviation was 42 fg per copy). In total, the nodularin content per ndaF copy varied between 0.8 and 406 fg nodularin per gene copy (500-fold), so it is not possible to predict ndaF gene copy numbers accurately based on nodularin concentrations. The ratios of "nodularin per ndaF gene copy" of environmental samples measured in this study (0.8 to 406 fg nodularin per ndaF gene copy) were comparable to cellular nodularin concentrations reported previously in a study by Repka et al. (32) , with laboratory cultures of N. spumigena (100 to 440 fg nodularin cell Ϫ1 ). In addition to sample types, the slight differences in cellular nodularin concentrations observed between these studies may arise from differences in the units of measure. In this study, nodularin concentrations were defined per ndaF gene copy (or the genome of nodularin-producing Nodularia), while in the study described previously by Repka et al. (32) , the unit of measure was the amount of nodularin per cell. The values might therefore differ, for the nodularin content per cell is higher than that per ndaF gene copy if there are several genomes, and, thus, several ndaF gene copies, per cell. There might also be some inaccuracy in the genome size of N. spumigena, since the unpublished N. spumigena sequence has not yet been finalized, and thus, no exact data on the genome size of N. spumigena are available.
A qPCR method was developed in this study to enable the quantification of hepatotoxin nodularin-producing Nodularia in the Baltic Sea. By this highly sensitive and specific method, toxic Nodularia blooms can be monitored, and bloom development can be studied in the Baltic Sea and other water environments worldwide.
